Bardet-Biedl syndrome (BBS) is a genetically heterogeneous disorder that results in retinal degeneration, obesity, cognitive impairment, polydactyly, renal abnormalities, and hypogenitalism. Of the 12 known BBS genes, BBS1 is the most commonly mutated, and a single missense mutation (M390R) accounts for Ϸ80% of BBS1 cases. To gain insight into the function of BBS1, we generated a Bbs1 M390R/M390R knockin mouse model. Mice homozygous for the M390R mutation recapitulated aspects of the human phenotype, including retinal degeneration, male infertility, and obesity. The obese mutant mice were hyperphagic and hyperleptinemic and exhibited reduced locomotor activity but no elevation in mean arterial blood pressure. Morphological evaluation of Bbs1 mutant brain neuroanatomy revealed ventriculomegaly of the lateral and third ventricles, thinning of the cerebral cortex, and reduced volume of the corpus striatum and hippocampus. Similar abnormalities were also observed in the brains of Bbs2 ؊/؊ , Bbs4 ؊/؊ , and Bbs6 ؊/؊ mice, establishing these neuroanatomical defects as a previously undescribed BBS mouse model phenotype. Ultrastructural examination of the ependymal cell cilia that line the enlarged third ventricle of the Bbs1 mutant brains showed that, whereas the 9 ؉ 2 arrangement of axonemal microtubules was intact, elongated cilia and cilia with abnormally swollen distal ends were present. Together with data from transmission electron microscopy analysis of photoreceptor cell connecting cilia, the Bbs1 M390R mutation does not affect axonemal structure, but it may play a role in the regulation of cilia assembly and/or function. B ardet-Biedl syndrome [BBS, Online Mendelian Inheritance in Man (OMIM) 209900] is a genetically heterogeneous autosomal recessive disorder characterized by obesity, retinal degeneration, polydactyly, cognitive impairment, hypogenitalism, and renal abnormalities, as well as susceptibility to hypertension, diabetes mellitus, olfaction deficits, and congenital cardiac defects. Twelve BBS genes (BBS1-12) have been identified to date (1-14). They encode a set of proteins thought to play a role in the structure or function of cilia, basal bodies, and intracellular transport (15, 16). Mutations in BBS1 are the most commonly observed in BBS. A single missense mutation that converts a methionine codon to an arginine codon (M390R) accounts for Ϸ80% of BBS1 mutations and is involved in 25% of all BBS cases (5). The M390R mutation occurs near predicted regions of coiled-coil protein domains and lies within a conserved predicted WD40-like protein motif. These protein motifs are involved in such basic biological processes as signal transduction, RNA synthesis/processing, chromatin assembly, vesicular trafficking, cytoskeletal assembly, cell cycle control, and apoptosis (17).
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ardet-Biedl syndrome [BBS, Online Mendelian Inheritance in Man (OMIM) 209900] is a genetically heterogeneous autosomal recessive disorder characterized by obesity, retinal degeneration, polydactyly, cognitive impairment, hypogenitalism, and renal abnormalities, as well as susceptibility to hypertension, diabetes mellitus, olfaction deficits, and congenital cardiac defects. Twelve BBS genes (BBS1-12) have been identified to date (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . They encode a set of proteins thought to play a role in the structure or function of cilia, basal bodies, and intracellular transport (15, 16) . Mutations in BBS1 are the most commonly observed in BBS. A single missense mutation that converts a methionine codon to an arginine codon (M390R) accounts for Ϸ80% of BBS1 mutations and is involved in 25% of all BBS cases (5) . The M390R mutation occurs near predicted regions of coiled-coil protein domains and lies within a conserved predicted WD40-like protein motif. These protein motifs are involved in such basic biological processes as signal transduction, RNA synthesis/processing, chromatin assembly, vesicular trafficking, cytoskeletal assembly, cell cycle control, and apoptosis (17) .
Recently, BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and BBS9 were shown to form a stable Ϸ450-kDa protein complex called the BBSome in cultured retinal pigment epithelial (RPE) cells and mouse testes. Depletion of some components of the BBSome, including BBS1, affects ciliogenesis in RPE cells by interfering with membrane trafficking to the cilium (16) . To better understand the function of BBS1 and the molecular consequences of the M390R mutation, we developed a Bbs1 M390R/M390R knockin mouse model. The mice manifest cardinal features of the human phenotype, including retinal degeneration, male infertility, obesity, and olfaction deficits, as reported for Bbs2, Bbs4, and Bbs6 knockout mouse models (18) (19) (20) (21) (22) . Here, we report a previously uncharacterized BBS mouse model neuroanatomical phenotype, ventriculomegaly involving the third and lateral ventricles, thinning of the cerebral cortex, and reduction in the size of the corpus striatum and hippocampus. In addition, morphological abnormalities in the ependymal cell cilia lining the enlarged third ventricle of the Bbs1 mutant brain were observed. These results validate the efficacy of the Bbs1 M390R knockin mouse model for further elucidation of BBS pathophysiology.
Results
Generation of Bbs1 M390R/M390R Knockin Mice. We targeted the Bbs1 gene in mice by constructing a vector containing regions of the mouse Bbs1 gene that replaced the normal methionine codon at position 390 in exon 12 with an arginine codon on homologous recombination (Fig. 1A ) . RT-PCR of cDNA amplified from the knockin mice confirmed that the M390R allele was spliced correctly without inclusion of the intronic neomycin cassette. Sequencing of the Bbs1 M390R/M390R cDNA confirmed that the Bbs1 gene was modified with the incorporation of the homozygous methionine to arginine (ATG to AGG) change in the knockin line (Fig. 1B) . Bbs1 mRNA expression levels in knockin mouse brains were comparable to those of wild-type mice as assessed by Northern blotting (Fig. 1C) . Mating of Bbs1 ϩ/M390R heterozygous mice resulted in 25.8% of progeny homozygous for the knockin M390R allele (Pearson 2 goodness of fit ϭ 0.72). This is in contrast to the depressed frequency of homozygous null mutants for the Bbs2, Bbs4, or Bbs6 strains generated by our laboratory (18, 19, 21) . This indicates that the Bbs1 M390R mutation does not result in embryonic or neonatal lethality.
Bbs1 M390R Knockin Mice Lack Sperm Flagella and Do Not Develop
Polydactyly or Renal Cysts. Although polydactyly and renal cysts are cardinal features of the human BBS phenotype, we did not observe forelimb or hindlimb abnormalities or renal cysts in the mutant mice analyzed in triplicate (data not shown). The absence of polydactyly has been noted in all of our BBS mouse strains, although renal cysts have been observed in Bbs2 Ϫ/Ϫ and Bbs4 Ϫ/Ϫ mice. Bbs1 mutant mice also exhibited a lack of social dominance (P Ͻ 0.001), partial anosmia (P ϭ 0.0003), and a lack of sperm flagella ( Fig. 2 A and B) .
Bbs1 M390R Knockin Mice Undergo Photoreceptor Degeneration. At 6 months of age, significant degeneration of the inner and outer segments of photoreceptor cells and the outer nuclear layer was observed in Bbs1 mutant mice ( Fig. 2 C and D) . Rhodopsin was mislocalized in the outer nuclear layer (data not shown), and severely disrupted morphology and disorientation of outer segment membranous discs were seen in the mutant retinas (Fig.  2E ). Photoreceptor cells connecting cilia were observed occasionally en face between the mitochondria-rich inner segments and abnormal outer segment membranous discs (Fig. 2F) . The normal 9 ϩ 0 arrangement of axonemal microtubules appeared intact in Bbs1 M390R photoreceptor cells connecting cilia.
Electroretinograms (ERGs) of 11-week-old Bbs1 mutants were not significantly different from age-matched controls in amplitude or scotopic threshold response at the lowest scotopic luminance [supporting information (SI) Fig. 6A ]. At higher scotopic luminance, there was significant attenuation in the a-(P Ͻ 0.001) and b-waves (P ϭ 0.0021) ( Fig. 2G and SI Fig. 6B ). The b-wave was still graded with respect to luminance, suggesting a reduction in either the number or efficiency of rod photoreceptors. Photopic V max was lower (Fig. 2H) but not significantly so in mutant animals. There was a significant difference (P ϭ 0.0038) in the variance of the photopic b-wave in mutants, suggesting an effect of the M390R mutation on the cone pathway, although the site of this effect remains ambiguous. The retina pigment epithelium-(RPE) generated c-wave amplitude was significantly reduced (P ϭ 0.046) but was luminancegraded in mutants, suggesting this results from photoreceptor dysfunction rather than a dysfunction in the RPE itself. The sum of these ERG observations indicates the Bbs1 M390R mutation predominantly affects the number and/or function of the rod photoreceptor cells.
Obesity and Cardiovascular Phenotype. In addition to the cardinal human BBS features of male infertility, olfaction deficits, and retinal degeneration, Bbs1 mutant mice also become obese. The M390R mutation resulted in increased body weight (Fig. 3A) . Magnetic resonance imaging (MRI) of 3.5-to 6-month-old animals revealed that the total fat content of the mutant mice was significantly elevated relative to controls (Fig. 3 B and C) . The weight of fat depots in individual dissected tissues was measured. Significant increases in the fat content of brown adipose tissue, reproductive fat, perirenal fat, and omental fat validated the MRI data (SI Fig. 7) . The increased fat mass in Bbs1 mutants was associated with high serum levels of the adipocyte-derived hormone leptin (Fig. 3F) . Furthermore, Bbs1 mutants had increased food intake (Fig. 3D ) and decreased locomotor activity (Fig. 3E) . Alteration in both these parameters accounts for the obesity phenotype observed in these animals. Because the Bbs1 knockin mice used for telemetry were not visually impaired, vision loss is not the cause of the decreased locomotor activity (SI Fig. 8 ). Rather, it could be the consequence of decreased leptin signaling, because leptin increases locomotor activity (23) , and Bbs1 knockin mice are hyperleptinemic, suggesting leptin resistance. Further experiments are required to demonstrate the primary cause of the decreased locomotor activity.
Finally, to test whether the mutant mice have the cardiac defects and hypertension commonly found in BBS patients, echocardiography and hemodynamic functions were measured in 3.5-to 6-month-old mutant and control mice. Bbs1 mutant mice had higher heart rates when compared with controls (SI Table 1 ). In contrast, no significant changes in mean arterial pressure or cardiac size and function were observed.
Neuroanatomical Defects. Bbs1 mutant mouse brains exhibited ventriculomegaly restricted to the lateral and third cerebral ventricles. Enlargement of the lateral ventricles was the most severe, whereas the increased size of the third ventricle was less pronounced. Moderately enlarged lateral ventricles and a reduced corpus striatum were seen as early as postnatal week 3 (SI Fig. 9 ). The pathology appeared to be progressive based on greater enlargement of the lateral and third ventricles of 3.5-to Fig. 3 . Obesity phenotype. Weight gain in male and female animals vs. age (minimum of 11 animals per group). Values are expressed as mean Ϯ SEM. By week 12, homozygous mutant mice were significantly heavier than wild-type or heterozygous mice (A). Representative T1-weighted coronal MRI demonstrates an increase in fat mass in 3.5-to 6-month-old mutant mice vs. wild-type controls. Fat appears white, whereas muscle and water appear gray or black (B). Total fat (in arbitrary units, AU) quantified by ImageJ analysis of MRI data of wild-type (n ϭ 6) vs. mutant (n ϭ 6) animals (C). Average food consumption (male and female animals combined with a minimum of 11 animals per group, averaged) (D). Twenty-four-hour activity of wild-type (n ϭ 6) vs. mutant (n ϭ 5) mice measured by telemetry (E). Mutant mice exhibit significantly less locomotor activity than wild-type controls. Serum leptin levels are significantly elevated in mutant mice (F).
* , P Յ 0.05 vs. wild-type animals.
6-month-old mutant animals as assessed by coronal MRI (Fig.  4A) . Ventricular volumes were quantified by using ImageJ software (Fig. 4B ) and further validated in counterstained coronal brain sections taken from the same mice (Fig. 4C) . In addition to ventriculomegaly, we also observed thinning of the caudal half of the cerebral cortex and a reduction in the size of the corpus striatum and hippocampus (Fig. 4C) . These neuroanatomical defects were also noted in Bbs2 Ϫ/Ϫ , Bbs4 Ϫ/Ϫ , and Bbs6 Ϫ/Ϫ mice of comparable ages (SI Fig. 10 ). Sagittal MRI of all four BBS mutant mouse strains showed no gross enlargement of the fourth ventricle (data not shown). In addition, no gross morphological abnormalities in the skull or cerebellum were observed in any of the BBS mutant mouse strains (data not shown).
To better understand the underlying pathology of the enlarged ventricles in Bbs1 mutant mice, we used transmission electron microscopy (TEM) to examine the ependymal cell cilia that line the third ventricle. Ependymal cells line all of the cerebral ventricles and have numerous motile cilia, composed of 9 ϩ 2 doublets of axonemal microtubules, that are thought to play a role in cerebrospinal fluid (CSF) circulation through the brain (24) . We observed two types of ependymal cell cilia morphological defects in the mutant brains. Approximately 20% of the cilia were abnormally long, and 80% had swollen distal regions that contained vesicular aggregates (Fig. 5) . Transverse sections of mutant ependymal cell cilia showed no abnormalities in the 9 ϩ 2 axonemal arrangement of microtubules.
Discussion
In this study, we present a phenotypic evaluation of an animal model of the most common BBS mutation, BBS1 M390R. These mice exhibit retinal degeneration, a lack of sperm flagella in males, decreased olfaction, and a lack of social dominance. They are obese, hyperphagic, and hyperleptinemic and show decreased locomotor activity. These phenotypes are typical of all BBS mouse models studied to date (18) (19) (20) (21) (22) . Although their underlying cause is not yet fully understood, the phenotypes are consistent with the idea that BBS proteins are required for proper basal body/cilia/flagella synthesis and/or function (15, 16) . Among the affected tissues, defective cilia have been associated with olfaction deficits (20) , and abnormally long cilia have been observed in Bbs4 Ϫ/Ϫ kidney cells and may play a role in renal cyst development in these mice (25) . Loss of functional Bbs1, Bbs2, Bbs4, or Bbs6 proteins also appears to result in photoreceptor cell connecting cilia/intracellular transport dysfunction starting at the earliest stages of retinal development (26). The functional consequences of these anomalies are reflected in the aberrant ERG measurements described in the current study and support the observation of visual dysfunction in BBS patients harboring the M390R mutation (27) . The brain also contains numerous ciliated cells. Neuronal cilia are nonmotile and are thought to function in chemosensation and mechanosensation (28) . Ependymal cells lining the cerebral ventricles possess numerous motile cilia and facilitate the circulation of CSF through the ventricles (24, 29) . In this study, we observed a BBS mouse model phenotype that may be the consequence of aberrant ependymal cell cilia morphology and/or function. The loss of functional Bbs1, Bbs2, Bbs4, or Bbs6 resulted in severe enlargement of the lateral ventricles and, to a lesser degree, enlargement of the third ventricle, thinning of the cerebral cortex in the caudal region of the brain, and reduction in the size of the hippocampus and corpus striatum. One explanation for this phenotype is that brain atrophy or incomplete development of brain tissue results in a compensatory ex vacuo enlargement of the ventricles. A more likely alternative is that compression of the cerebral cortex, hippocampus, and corpus striatum may be a secondary effect of the enlarged ventricles. Closer inspection of the ependymal cell cilia lining the enlarged third ventricle in Bbs1 M390R knockin mice showed both elongated cilia and cilia with swollen distal regions, suggesting these abnormalities underlie the brain phenotype.
Studies of a number of knockout mouse models have shown that ciliary defects in ependymal cells can result in hydrocephalus, a condition characterized by impaired CSF flow, excess CSF production, and/or insufficient CSF resorption (30) . In severe cases, this can lead to compression of the cerebral cortex and cerebellum and an enlarged dome-shaped head. In mice, the development of hydrocephalus has been correlated with defects in proteins associated with the ciliary membrane matrix (napa/ hydin), ciliary axoneme-associated proteins (hydin/Spag6, Mdnah5), the intraflagellar (IFT) machinery (polaris), and other genes required for ciliogenesis, such as the transcription factor Rfx3 (30, 31) . Further analysis of BBS mutant mice will help determine the initial events leading to the development of hydrocephalus such as CSF flow impediments, change in intracranial pressure, and the presence of cerebral aqueduct stenosis. Documentation of neuroantomical defects in BBS patients by brain imaging is limited. A recent study of three patients with BBS-like features reported evidence of cerebral cortical atrophy, cerebellar atrophy, lateral ventricle enlargement, temporal and parietal lobe hyperplasia, and microcephaly (32) . However, genetic evidence of BBS mutations was limited or unavailable. A thorough correlation of BBS patient genotype and neuroanatomical phenotype will be necessary to explore further the connection between the human neuroanatomical findings and our mouse model.
Recently, BBS1 was found to be a component of a protein complex called the BBSome (16) . BBS1 associates with Rabin 8, a guanosyl exchange factor for Rab 8, known for vesicular trafficking. Depletion of BBS1 in cultured RPE cells affected ciliogenesis by interfering with membrane trafficking. In the current study, intact arrangements of axonemal microtubules were found in two different types of cilia, motile and nonmotile, in two different cell types in Bbs1 M390R knockin mice. Based on these findings, Bbs1 may not be required for grossly normal axonemal microtubule structure. Rather, the M390R mutation may impair the completion of cilia assembly and/or function. This is consistent with the location of M390R mutation in a WD40-like protein motif that has been shown to be involved in vesicular trafficking, among other cellular functions (17) .
In conclusion, BBS mouse models have proven to be valuable tools for studying the pathophysiology of BBS. Many of the phenotypes studied to date appear to be cilia-related. In this study, we present evidence for a previously undescribed neuroanatomical phenotype (ventriculomegaly) that appears to be caused by defective ependymal cell cilia. Continued use of BBS mouse models in functional studies will add to our understanding of the cilia-and noncilia-related aspects of the disorder.
Methods
Generation of Bbs1 M390R/M390R Knockin Mice. PCR was used to amplify 5Ј and 3Ј regions of the Bbs1 gene from 129/SvJ genomic DNA that were cloned into the targeting vector pOSDUPDEL (provided by O. Smithies, University of North Carolina, Chapel Hill). The linearized vector was electroporated into R1 embryonic stem (ES) cells (129 ϫ 1/SvJ3 129S1/Sv). G418-resistant clones were screened by PCR to identify Bbs1-targeted ES cell lines. Two ES cell lines were used to produce chimeras. Mice were genotyped by PCR by using primers that both flanked and were internal to the targeted region of the gene. All studies adhered to guidelines established for the care and use of experimental animals and were approved by the Animal Care and Use Committee of the University of Iowa.
RNA Isolation and Northern Blot Analysis. Total RNA was isolated from 3-month-old Bbs1 mutant and age-matched control mouse brains, electrophoresed, blotted, and hybridized as described (33) . The probe was a 400-bp Bbs1 cDNA from exons 2 to 6. The blot was stripped of radioactivity and reprobed with ␤-actin as a loading control.
Social Dominance Test, Olfactory Test, Measurement of Arterial Pressure, Heart Rate, and Activity. These tests were conducted as described (18, 19, 21) .
Histological Analysis of Bbs1 M390R Knockin Mice. Hematoxylin/ eosin staining of the eye and testes from 6-month-old Bbs1 mutant and age-matched controls was conducted as described (18) . Photographs were taken by using an Olympus BX-41 microscope with a SPOT-RT digital camera.
Brain morphology studies of 3.5-to 6-month-old Bbs1 mutant animals (n ϭ 3) and control animals (n ϭ 3) were carried out as described (34) . Sixty-to 100-m coronal serial sections were stained with Neutral red and photographed with an Olympus SZX12 stereomicroscope.
TEM. Electron micrographs of 7-to 8-month-old Bbs1 mutant brains (n ϭ 3) and age-matched control mouse brains (n ϭ 3) were obtained as described in ref. 33 . Electron micrographs of at least three Bbs1 mutants and age-matched control retinas of various ages were obtained as described in ref. 26 .
Electroretinography. Electroretinography was conducted on 11-week-old Bbs1 M390R knockin mice (n ϭ 6) and age-matched controls (n ϭ 5) as described in SI Text.
Weight, Adiposity, and Food Consumption Analyses. Food intake of individually caged Bbs1 mutant animals was compared with heterozygote and wild-type controls from 8 to 18 weeks of age using an average of 11 animals per group. Weight was recorded weekly beginning at weaning. To quantify individual fat tissues of mutant mice (n ϭ 6) and wild-type mice (n ϭ 6), different fat depots were dissected at death and weighed.
Leptin Assay. Circulating leptin levels were analyzed in blood collected from adult Bbs1 mutant mice (n ϭ 9) and control mice (n ϭ 9). Plasma was obtained by centrifuging blood at 2,040 ϫ g for 8 min. Concentration of murine leptin was measured by RIA using a commercially available kit (Crystal Chem).
MRI and Quantification of Fat and Brain Ventricles.
Imaging of body fat and the brain of 3.5-to 6-month-old Bbs1 M390R knockin mice (n ϭ 3) and control mice (n ϭ 3) by MRI was performed as described in SI Text. The volume of the brain ventricles was measured by using ImageJ software (National Institutes of Health).
Echocardiography. Two-dimensional echocardiography was performed on 3-to 6-month-old control and Bbs1 M390R knockin mice (5-10 mice per group), as described in SI Text (35, 36) .
